Abstract: CdSe/CdS core-shell nanocrystals with controlled CdS shell thickness and CdSe core size were synthesized for several different values of these two parameters. The particles in aqueous dispersion were in situ decorated with Ni nanoparticles and evaluated for photocatalytic hydrogen generation capacity. The highest H 2 production quantum yield at 457 nm illumination was 4.7%, while at 530 nm it rose to 9.1%. We have found that ensuring equal absorption at illumination wavelength the H 2 formation rate increases with the shell thickness, but decreases with the increasing core size. Interestingly, the same trend was observed for the photoluminesce quantum yield and lifetime for samples without Ni decoration, suggesting that they reflect the balance between charge transfer and avoidance of recombination sites which is crucial for photocatalysis with semiconductor nanocrystals. Moreover, the core-shell nanocrystals constitute a very convenient model system in which the charge carrier dynamics in photocatalytic applications can be studied. In comparison with well-known CdSe/CdS dot-inrod structures they are less efficient at blue illumination, but they allow for significant extension of the usable absorption range.
Introduction
Chalcogenide-based colloidal semiconductor nanocrystals hold promise for widespread applications in light-emitting diodes [1, 2] , lasers [3] , biomedical imaging, sensing [4, 5] , and solar cells [6, 7] owing to their favourable optoelectronic properties such as high extinction coefficient, high photoluminescence (PL) quantum yield (QY) and narrow emission band [8] [9] [10] . The group of Horst Weller has done pioneering work particularly regarding the development of novel synthetic routes [11] [12] [13] . The tunable properties and advances in synthesis make the materials also very appealing for photocatalytic solar fuel generation, where the incident photon energy is used to drive otherwise up-hill chemical reactions at the interface [14] [15] [16] . These reactions are typically reverse fuel combustion reactions, therefore the process offers a viable approach to both solar energy harvesting and storage. Photocatalytic full water splitting into hydrogen and oxygen is an ultimate goal [17, 18] . However, due to propensity of the chalcogenides to be oxidized by the photoexcited holes in the valence band [19] , the focus remains on the reduction side, that is on hydrogen generation. The oxidation side is then replaced by a surrogate reaction involving a sacrificial electron donor. Although the chalcogenide nanocrystals can in principle catalyse the reactions themselves, the observed efficiencies are very low. Significant improvements are obtained when small metal or metal oxide nanoparticles (co-catalysts) are deposited on the semiconductor nanocrystals in order to provide abundant active catalytic sites [15, [20] [21] [22] .
In contrast to light emission applications, the efficiency of photocatalytic process relies on the balance of seemingly contradictory objectives: (i) transfer of the photogenerated charges to the surface where the redox reactions can proceed; (ii) confinement of the charge carriers away from surface traps which facilitate charge recombination and (iii) charge separation to prevent recombination or unwanted back-reactions. Nano-heterostructures, combining two or more semiconductors with co-catalysts, have been used to address this conundrum through charge separation across a semiconductor-semiconductor or semiconductormetal interface as well as through spatial separation [23, 24] . In particular, the structures consisting of spherical CdSe nanoparticle embedded in CdS nanorod (i.e. dot-in-rod) decorated at the tip with a co-catalyst nanoparticle have received a lot of attention [14, 23, 25] . Due to the band alignment of the two chalocogenides, the photogenerated hole is trapped in the CdSe dot, whereas the electron can be transferred to the Pt nanoparticle located at the other end of the nanorod. Such a configuration effectively suppresses charge recombination and has been shown to be an effective photocatalyst for H 2 generation. Unfortunately, the strong con-finement of the hole inside the dot gives rise to difficulty in transferring it to the surface which is a precondition in order to participate in an oxidative reaction ormore often -be collected by the hole scavenger. In effect the hole transfer, rather than the actual reduction of protons, is considered to be the limiting step in the whole H 2 production process [26, 27] . This can be mitigated to an extent by selective etching away the layer of CdS around the hole to facilitate its transfer [28] .
Nonetheless, the conflict of interest between effective charge separation and the rate of hole transfer persists. Moreover, the fraction of CdSe in the structure is very small, so that the absorption spectrum resembles that of CdS nanorods with an onset of absorption around 470 nm, limiting the ability to harvest solar light in the red part of the spectrum.
CdSe/CdS core-shell nanocrystals decorated with metal nanoparticles provide an alternative system to dot-in-rod structure in which the absorption onset can be significantly red-shifted. The lattice mismatch between the components is very small (3.9%), therefore the shell can be epitaxially grown on the surface of the core, minimizing the number of defects and thereby recombination sites at the interface [29] . The electronic structure of these nanocrystals, often associated with Type I alignment, has been a subject of intense studies [30] . It is clear that due to the offset between valence band edges of CdSe and CdS, the hole is localized in the core, but there is still debate about the magnitude of offset between their respective conduction bands. The reported values vary between −0.3 V to 0.0 V, depending on the core size, shell thickness, crystal structure and temperature [31] . It is expected to be close to the latter value at room temperature. Regardless of the specific offset, it is considered that the electron wavefunction is not confined to the core and spreads into the shell, decreasing the overlap with the hole wavefunction (see Figure 1) [32, 33] . This is especially the case for cores smaller than 2.8 nm and corresponds to a transition from Type I regime to quasi-Type II [34] . In contrast to PL quantum yield, the quasi-Type II alignment is obviously more beneficial for photocatalytic applications than Type I, as it allows the electron to reach the surface of the nanocrystal.
Although the CdSe/CdS core-shell nanocrystals do not provide the level of charge separation attributable to dot-in-rod structures [35] , they constitute a very interesting model system to simultaneously study the interplay of quantum confinement and access to the surface for the photogenerated charge carriers. This is because the core size and the thickness of the shell can be easily independently varied via layer-by-layer deposition of CdS on preformed CdSe spherical cores [29, 36] . In this paper, we report on the effect of these two parameters on the photocatalytic hydrogen generation, PL quantum yield and PL lifetime. The comparison allows us to gather insights as to whether the photocatalytic capacity of a nanocrystal-based system can be inferred from optical, especially PL properties.
Specifically, we have prepared three different CdSe core sizes (2.7 nm, 2.9 nm and 3.1 nm), straddling the threshold for quasi-Type II behaviour discussed above and referred to as S(mall), M(edium) and L(arge) cores thereafter. Each core has been coated with 2 monolayers (MLs) of CdS. Additionally, the large cores (LCs) have been coated with the number of monolayers ranging from 1 to 3, producing samples referred to as L1, L2 and L3, respectively. The studied core-shell nanocrystals are schematically presented in Figure 1 .
Platinum or other noble metals are typically used as co-catalysts for hydrogen generation [14, 15, 20] . We have recently shown that in alkaline environment nickel nanoparticles can be quickly photodeposited on CdS nanorods by reduction of Ni 2+ salt solution upon illumination. The resulting particles decorate the entire surface of the nanorods and form very efficient co-catalysts of H 2 generation with external quantum yield¹ exceeding 50% [37] . In this paper, we have applied the same protocol to CdSe/CdS nanocrystals and in situ deposited nickel nanoparticles on them by photoreduction from NiSO 4 precursor solution [38] .
The samples were then evaluated by gas chromatography for hydrogen generation upon separate illumination experiments with either 457 nm or 530 nm laser to study the core/shell and core-only excitation, respectively. Nickel deposition quenched the PL of the nanocrystals. Therefore the static and time resolved PL measurements were taken only for non-decorated samples. On the basis of the combined photocatalytic, streak camera and transient absorption measurements we show that the PL quantum yield and lifetime provides a good indication for photocatalytic performance signifying the role of competition with non-radiative recombination pathways in both processes.
Experimental

Nanoparticle synthesis
The CdSe nanocrystals (i.e. the cores) were prepared by hot injection according to previously published procedures [39] with minor modifications. Briefly, 1 g trioctylphosphine oxide (TOPO), 48.8 mg CdO and 484 μL oleic acid were dissolved in 8 ml of octadecene. The solution was evacuated at 80 ∘ C for 30 min and then heated to 300 ∘ C under nitrogen. Meanwhile, in a separate flask, 315.8 mg of Se-powder was dissolved in 2-3 mL trioctylphosphine. Subsequently, 1 ml octadecene and 3 mL oleylamine were added and the solution was evacuated at room temperature. The reaction mixture was then heated under nitrogen to 100 ∘ C while the Cd-precursor solution was cooled down to 240 ∘ C. In the next step, the whole Se-precursor was quickly injected into Cd-precursor solution and kept at the injection temperature for several minutes depending on the desired size of the CdSe core. The length of this growth phase was 1 min for 2.7 nm (small cores, S), 2 min for 2.9 nm (medium cores, M) and 7 min for 3.1 nm nanocrystals (large cores, L). The solution was allowed to cool down to 100 ∘ C and then kept at this temperature for 1.5 h. After further cooling, 10 mL of hexane was added. The formed CdSe nanocrystals were twice precipitated with acetone and redispersed in hexane.
The CdS shells around the CdSe cores were prepared by successive ion layer adsorption and reaction (SILAR) [29, 36] . To this end, 1.5 mL of the dispersion of the cores in hexane (0.4 μmol of nanoparticles) was mixed with 10 mL of octadecene and 10 mL of oleylamine. The solution was evacuated for 30 min at 80 ∘ C and heated to 240 ∘ C afterwards. The Cd-precursor was prepared by mixing of 128.4 mg CdO with 3.726 mL octadecene, and 1.274 mL of oleic acid. The precursor was evacuated at room temperature and heated under nitrogen to 200 ∘ C and subsequently cooled to 100 ∘ C. Meanwhile, 32 mg S in 5 mL of octadecene was heated under nitrogen until the dissolution of sulphur to prepare the Sprecursor. Both precursors were injected alternatingly to the CdSe-cores, starting and ending with Cd, with 15 min elapsing between each injection. The injected amount of the precursor corresponded to one monolayer of Cd or S per nanoparticle. 15 min after the last injection the solution was cooled down to 100 ∘ C, which was then maintained for 1.5 h. After further cooling, 10 mL of hexane was added.
The formed core/shell nanocrystals were precipitated twice with acetone and finally redispersed in toluene. The sizes of the resulting particles were calculated from the wavelength of the first excitonic peak of the absorption spectra according to the method of Peng et al. [40] , treating the core-shell particles as if composed of CdSe alone. The intermediate size calculations were also necessary to determine the appropriate amount of precursors to be injected for each monolayer. The core-shell sizes estimated from the core size and the amount of precursors were in good agreement (±0.2 nm) with the spectroscopic calculations.
In the ligand exchange process, 8 mL 0.1 M cysteine solution (pH 9.3) was added to 12 mL of dispersion of the nanoparticles (0.02 μmol of nanoparticles) in toluene. The two-phase mixture was heated for 24 h at 60 ∘ C and allowed to separate afterwards. Nanoparticles transferred to the aqueous phase were precipitated with methanol and redispersed in water.
Nanoparticle characterization
UV-Vis absorption measurements were taken with a Varian Cary 50 UV-Vis spectrometer. Photoluminescence was recorded with a Horiba Jobin Yvon Fluorolog-3 FL3-22 spectrometer equipped with water-cooled Horiba R928 PMT detector mounted at 90 ∘ angle. A monochromated Xe-lamp was used for excitation. The signals were multiplied with the correction files of the detector and divided by the corrected excitation intensity. For transmission electron microscopy measurements, an aliquot of the nanoparticle dispersion in organic solvent was placed on the formvar-coated copper grids and allowed to dry. The TEM images of the samples were taken with JEOL JEM-1011 microscope operating at 100 kV accelerating voltage.
Time-resolved spectroscopy
Time resolved fluorescence measurements were taken with a streak camera. The samples were excited with pulsed diode lasers at 405 and 470 nm. For 575 nm excitation a Ti:Sa laser with OPO and pulse picker was used.
For transient absorption spectroscopy a Ti:sapphire amplifier system with 90 kHz repetition rate was used to generate 50 fs pulses. The frequency doubled pulses were used to excite the sample whereas the probing occurred with a white light continuum filtered at the respective absorption edges. The samples contained 10% ethanol and 5 M NaOH. Optical density (OD) was adjusted to 0.14 cm −1 at the first excitonic peak. Ni-decorated samples additionally con-tained 1.17 mM NiSO 4 and were illuminated for 3 h with a 405 nm laser operating at 10 mW⋅cm −2 intensity prior to the transient absorption measurements.
Photocatalytic measurements
The concentration of the CdSe/CdS nanocrystal dispersion was adjusted so that optical density (OD) at illumination wavelength was 0.1 cm −1 . The photodeposition of the Ni nanoparticles on the CdSe/CdS nanocrystals was performed in situ at the early phases of the illumination, according to the recently published procedure [37] . The effect of the photodeposition on the absorption and emission spectra was in agreement with that report, suggesting similar outcome. The samples contained 0.17 mM of nickel precursor (NiSO 4 ) and 10% of ethanol as a hole scavenger. The pH of the samples was adjusted to 14.7 by addition of 5 M NaOH. Two lasers were used as illumination sources: 457 nm with 7.5 mW⋅cm
intensity and 530 nm with 10 mW⋅cm −2 intensity. At regular intervals 10 μL of the headspace above the dispersion was collected through a Teflon lined septum for determination of hydrogen content using a calibrated Shimadzu GC 2014 gas chromatograph.
Results and discussion
The UV-Vis absorption spectra of the synthesized three sizes of the CdSe cores in hexane are presented in Figure 2a . It is evident that the spectra have the same a b Figure 2 : UV-Vis absorption spectra of a) 2.7 nm (SC), 2.9 nm (MC) and 3.1 nm (LC) CdSe cores in hexane and b) large cores coated with 1-3 monolayers of CdS in toluene. The spectra are normalized to the maximum of the first excitonic peak.
shape, but are red-shifted by 11 nm and 23 nm for the medium and large cores, respectively, due to the loss of quantum confinement in larger nanocrystals. The spectra of the bare large cores (LC, 3.1 nm) and L cores coated with 1, 2 and 3 monolayers of CdS are shown in Figure 2b . Similar red-shift trend is observed for the larger core-shell nanocrystals, reflecting the delocalization of the electron over the whole structure so that adding more shell layers further weakens the quantum confinement [29, 36] . The excitonic peaks become broader for thicker shells, which presumably corresponds to broadening of the particle size distribution with each successive CdS layer.
The size distribution broadens, but the TEM images of the samples S2 and L1 (see Figure 3) indicate that they remain monodisperse and well dispersed in solution. Importantly, no clear sign of aggregation or ripening was observed. The observed nanocrystal sizes are in agreement with successive deposition of monolayers of CdS on CdSe cores.
As shown in Figure 4a , the photoluminescence quantum yield of the nanocrystals increases with shell thickness, in agreement with earlier reports [29, 41, 42] . While the overlap between the electron and hole wavefunctions decreases with adding layers of CdS, it also leads to stronger confinement of the hole in the core. This way the hole is shielded by the shell from the surface traps acting as primary non-radiative recombination sites. The trend of PL quantum yield increasing with decreasing core size (see Figure 4b) is at first intriguing, but the same trend was reported earlier by Mulvaney and coworkers [42] for CdSe-CdS core shell nanocrystals. They have also shown strong effect of surface passivation for different core sizes on PL quantum yield. It may be argued that with decreasing core size, the number of surface defects per particle also decreases leading to smaller non-radiative recombination rates. In addition, for smaller radii of cur- vature the stabilizing ligands are able to better passivate the surface because the steric repulsion between the ligand chains is weaker. This means that fewer surface traps remain per unit area on smaller nanocrystals. The absorption and PL peak positions, as well as inferred nanocrystal sizes are collected in Table 1 .
The hydrogen generation experiments were performed under 457 nm and 530 nm illumination, to excite either the whole core-shell nanocrystal or just the core itself. All samples had the same OD at illumination wavelength equal 0.1 cm −1 . The cumulative amounts of evolved hydrogen, measured with gas chromatography for both experiment series, are shown in Figure 5 . Two trends are apparent. Firstly, the H 2 generation rate increases with increasing shell thickness. Secondly, the rate increases with decreasing size of the CdSe core. For both illumination wavelengths the trends are the same, however, the photocatalytic quantum yields are not equal. The highest internal QY measured for the smallest core, S2, at 457 nm illumination was 4.3%, while the corresponding value for 530 nm illumination was 9.1%. Similarly, for the cores with thickest shells, L3, the quan- tum yields at 457 nm and 530 nm illumination were 3.7% and 7.8%, respectively.
Taking into account the OD of the samples, the corresponding external quantum yields are smaller by a factor of 2. These values are lower than those reported for dot-in-rod structure when blue illumination was used [26, 35] . This may be attributed to better spatial charge separation in the latter due to geometric considerations and thereby longer charge transfer state lifetime which can reach up to 100s of ns [43] . In order to understand the effect of charge separation in the nanocrystals on the observed photocatalytic H 2 formation rates, we have performed fluorescence lifetime measurements with a streak camera. Only samples without Ni were tested due to effective PL quenching by the co-catalyst nanoparticles. The nanocrystals dispersed in toluene were excited at 405 nm and 470 nm. Since the aqueous dispersions correspond directly to the photocatalytic experiments, they were additionally excited at 575 nm. The excitation wavelengths were chosen to excite selectively the core (575 nm), both core and shell (405 nm) and to approximate the illumination conditions in photocatalytic experiments (470 nm). The observed decay traces were not mono-exponential. In this context, for comparison purposes, the 1/e decay time was determined for every trace to estimate the fluorescence lifetime (cf. Figure 6 )
The fluorescence 1/e decay times for all samples are plotted in Figure 7 .
Firstly, the lifetimes are shorter for nanocrystals stabilized with cysteine and dispersed in water than for oleic acid stabilized particles in toluene. Taking into account the significant PL quenching upon phase transfer to water, the quicker PL decay must result from notable increase in the non-radiative recombination rate. This is a known effect of the ligand exchange with thiols because the mercapto groups (present in cysteine) form surface hole traps on CdS and CdSe and thereby quench the PL [44] [45] [46] [47] . In addition, the charged groups of the cysteine molecules are likely to prevent achieving high surface coverage due to electrostatic repulsion. The resulting lower density of ligands could facilitate the oxidation of the semiconductor by the atmospheric oxygen leading to more surface defects and the desorption of the ligand [48] . Interestingly, irrespective of the excitation wavelength and with very minor deviations within the experimental error, the PL lifetime increases with shell thickness and decreases with core size. These are exactly the same trends as observed for photocatalytic hydrogen formation rate.
The observation of longer PL lifetimes for thicker CdS shells is consistent with earlier reports on similar nanocrystals [29, 42, 49] . Since the PL quantum yield increases with shell thickness, the longer lifetimes result from a drop in nonradiative recombination rate. This is attributed to an improved confinement of the hole in the core away from the surface traps. In addition, as the electron wavefunc- tion spreads into the growing shell, its overlap with hole wavefunction decreases. This effect slows down the radiative recombination and further contributes to the longer PL lifetimes. Similar arguments about charge separation can be put forward for the enhancement of the H 2 formation rate with each added monolayer of CdS. Importantly, in photocatalytic experiments the electron may transfer to the Ni particle, forming a Schottky barrier at the semiconductor-metal interface.
A thicker shell thus keeps the charge carriers spatially separated which further reduces their recombination. In smaller cores the quantum confinement shifts the conduction band upwards so that the core-shell nanocrystals attain quasi-Type II character in which the electron is strongly delocalized also into the shell. Therefore the longer PL lifetimes for smaller cores can be attributed to more efficient charge separation due to less overlap between electron and hole wavefunctions [42] . This effect would also contribute to improved H 2 formation rate. However the major contribution is expected to come directly from the aforementioned rise in the conduction band level of the cores. This makes them more reductive, that is it increases the overpotential for proton reduction. Such effect has been observed for bare CdSe nanoparticles illuminated in the presence of sulfite hole scavenger [50] . Transient absorption measurements provide additional evidence for electron transfer to the Ni co-catalyst nanoparticle. The recovery of the CdSe ground state bleach feature (see Figure 8a) is slower in the presence of nickel consistent with the effective charge separation, especially for thicker shells. In contrast, the bleach feature at 457.9 nm has a substantial contribution from CdS absorption and presents a typical acceleration of dynamics of the system in the presence of metal nanoparticle [24, 51] . This is in agreement with quenching of the radiative recombination pathways in Ni-decorated CdSe/CdS nanocrystals.
It is worthy to note that the photocalytic quantum yields were more than twice higher with illumination at 530 nm than at 457 nm. This corresponds to longer PL lifetimes at longer wavelength and presumably reflects the better charge separation with core excitation and faster charge recombination at the surface traps with shell excitation. In summary, we have shown that the hydrogen generation rate by the nickeldecorated core-shell CdSe/CdS nanoparticles increases with the shell thickness, but decreases with the increasing core size. Interestingly, we have found that the PL quantum yield and lifetime follow the same trend. The correlation between the photocatalytic performance and PL lifetime is to be expected because they both rely on efficient charge separation. The correlation with the PL quantum yield is at first perhaps surprising as they would be seen as competing processes. However, the measurements were taken for different samples: with Ni for H 2 generation and without Ni for photoluminescence. Therefore, these two processes should be seen as competing with non-radiative pathways. In this context the fluorescence measurements, even of a non-decorated system, can provide important insights into the dynamics of a photocatalyst under hydrogen generating conditions. In addition, CdSe/CdS core-shell nanocrystals, as a system where several parameters can be modified independently, provide an interesting platform for further studies of charge transfer and separation in photocalytic applications.
